1. Introduction {#s0005}
===============

The development of the genome for the genesis of humans has been associated with a physically active lifestyle. Radak et al. [@bib51] have suggested that stone- age man used 4000 kcal for physical activity on a daily basis. It is well known that adaptive changes on the DNA sequence are very slow and therefore, it is not surprising that physical inactivity is a risk factor for a wide range of diseases. Indeed, physical inactivity- associated diseases cause a large burden on the healthcare system of many societies [@bib16].

In accordance with these findings, there is a large body of evidence showing that regular exercise reduces the risk of life-style related diseases [@bib29], [@bib32], [@bib5], [@bib56], [@bib65], increases mean life-span [@bib12] and, significantly increases the quality of life, especially in the elderly [@bib18], [@bib9]. It is important to note that the effects of exercise are systemic and complex [@bib44]. Regular exercise can beneficially affect brain function resulting in neurogenesis, elevated production of neurotrophic and growth factors, and improved capillarization [@bib46]. Regular exercise increases the content of glucose transporter, GLUT4, enhance*s* insulin sensitivity, and reduce*s* the risk of the metabolic syndrome [@bib54]. In addition, regular aerobic exercise beneficially affects the function of kidney, liver [@bib39] and, of course, heart and skeletal muscle [@bib36]. Moreover, regular exercise can even modify the function of the testis, [@bib59] improving erectile dysfunction in physically active men [@bib30]. Regular exercise effects the senses, diminishing the age- associated loss in hearing [@bib23], and oxidant- induced degeneration in the eye [@bib26]. As well, regular exercise has been shown to significantly prevent UV radiation- induced carcinogenesis in skin of mice [@bib33] and to ameliorate kidney disease [@bib60].

Overall, regular exercise-induced systemic adaptation is a powerful factor that decreases the incidence of a wide range of diseases. One can argue that present day regular exercise programs simply normalize the rate of physical activity to that point at which our ancestors lived generations ago. Before the technology revolution of the twentieth century, agriculture, transportation, and war, tested man\'s physical state. No one asked the questions, whether 16 h of daily physical work in the fields was a healthy endeavour or if moving from central Asia to Europe, on foot, could jeopardize life with the intensive production of reactive oxygen species (ROS). These types of physical activities were considered to be normal. Today, one thinks twice about going up to the six floor if the elevator is out of order.

It has long been known that ROS are important, necessary agents for cellular function and it is clear that they are controlling a number of physiological functions in skeletal muscle. Some years ago it was debated whether antioxidant treatment could attenuate or eliminate exercise-induced adaptive response in skeletal muscle. It was demonstrated that giving antioxidant vitamin C or C and E complex reduced PGC-1 a or NRF2 activation and the whole adaptive response was knocked out ([@bib20], [@bib21], [@bib35], [@bib38], [@bib40], [@bib53], [@bib61] ([Table 1](#t0005){ref-type="table"}.)). However, other investigators noted that the adaptive response is much more complex and regulated by multi protein pathways and signaling agents besides ROS, and also that antioxidant treatment did not eliminate the beneficial effects of exercise [@bib13], [@bib25], [@bib28], [@bib55], [@bib58], [@bib64].Table 1The effects of antioxidant supplementation on exercise-induced adaptation.Table 1**Antioxidant supplementation suppresses adaptationAntioxidant supplementation does not effect adaptation**\[[@bib20]\][@bib64]\[[@bib53]\][@bib25]\[[@bib38]\][@bib58]\[[@bib61]\][@bib28]\[[@bib35]\][@bib55]\[[@bib35]\][@bib13]\[[@bib40]\]\[[@bib21]\]

Would it be possible that such an important physiological process as exercise-induced adaptation, which could be one of the driving forces of human evolution [@bib31], [@bib62], [@bib8], could be eliminated by reduction of ROS production? Or are ROS so important that without an exercise-induced ROS production mitochondrial biogenesis, muscle hypertrophy, improved brain function, decreased incidence of life-style related diseases or regeneration would not occur? If one took 1000 mg of vitamin C per day and ran 10,000 m daily, would it be in vain? Would we be as prone to diseases as the physically untrained?

It is quite clear that the adaptive response to exercise depends on the intensity of the exercise, and the eventual ROS production, which is intensity dependent ([Fig. 1](#f0005){ref-type="fig"}). Exercise with very high intensity using ATP, CrP as the main energy sources, where fatigue is due to the accumulation of Pi, AMP, H^+^, ammonia and other metabolic products, is not normal practice. Recovery is very fast after anaerobic alactic dominant fatigue. When ATP is regenerated from mainly glycolytic pathways decreased pH and Na-K pump excitability levels could lead to fatigue, among other factors, but recovery within an hour. When aerobic exercise is used, one of the reasons for fatigue is the depletion of muscle glycogen. The recovery of this store takes days. High intensity exercise produces higher concentration of ROS then exercise with moderate intensity. However, the time course to normalize ROS levels is not really known. One of the reasons for this is the lack of proper methodology to detect very short lived ROS, but it is quite accepted that greater exercise intensity leads to greater production of ROS [@bib41].Fig. 1The hypothetical adaptive range. The middle of the graph represents the optimal zone of the dynamic homeostasis, while the outer line indicates the biological limitations, which cannot be reached without risk of death. The line, called functional limitation, shows the capacity of each individual and it is a mobile value. The functional/actual limit can be readily altered by exercise training. Aging decreases the rate of adaptive response, and the capacity to maintain homeostasis is decreasing, as demonstrated by the white arrows.Fig. 1.

Would that mean that the same amount of antioxidants would act differently due to the intensity of the training? The contribution of signaling pathways to mitochondrial biogenesis, as an example, which could be driven by Ca^++^, CaMK, ROS, AMPK, PKD1, p38a [@bib63], would be the same at different exercise intensities? In all likelihood, this is not the case [@bib14], [@bib34]. Hence, the same amount of antioxidant would affect the exercise-induced adaptation in a different fashion.

Many of the aforementioned questions do not have concise and exact answers. In this paper we put forward a hypothesis by which some of the questions can be answered and which may explain the different results of antioxidant treatments on exercise-induced adaptation. The phenomena behind the different responses could be due to the dynamic nature of hormesis-like dose response.

2. Exercise, hormesis and functional endpoints {#s0010}
==============================================

The thesis of the hormesis theory is that biological systems respond to exposure to chemicals, toxins, and radiation, and that hormesis is denoted by a bell-shaped curve. In toxicology, hormesis is a dose response phenomenon characterized by a low dose of stimulation, and a high dose of inhibition, resulting in either a bell-shaped or an inverted U-shaped dose response curve, which is a non-monotonic response [@bib10], [@bib11], [@bib15]. More than a decade ago we extended the hormesis theory to reactive oxygen species (ROS), which appear to plateau when modulated by aging or physical exercise [@bib43]. We proposed that exercise modulates ROS and the effects can be described by the hormesis curve. We believe that regular exercise results in a typical bell-shaped hormesis curve, due to the regulation of adaptive systems. We have proposed that adaptation is dependent on the modulation of homeostasis. It is clear that homeostasis is a dynamic system with biological and functional/actual end-points. Biological endpoints are signified by the point at which the system collapses.

Functional/actual endpoints demark the limits of individual tolerance, which are naturally below biological endpoints and are dynamic, variable values. The distance between the optimal zone and biological end points represents the zone which can be targeted to induce adaptations to extend functional/actual endpoints. In the case of a high degree of adaptation, the distance between the biological endpoints and the functional endpoints can be narrowed. In other words, the distance between the optimal zone and functional/actual endpoints can be increased ([Fig. 2](#f0010){ref-type="fig"}). It can be assumed that a larger range between optimal zone and functional/actual endpoints represents greater adaptive capability and better tolerance against stressors.Fig. 2Supplementation of antioxidants before (-) the ROS levels reach the value associated with peak physiological function that can attenuate the beneficial effects of exercise. On the other hand antioxidant treatment, after (+) the period of maximum ROS-associated function can result in decreased appearance of fatigue and/or improved function.Fig. 2.

Two examples will suffice to exemplify this point. The resting heart rate of untrained individuals is around 70 beats/min, while the maximal heart rate is approximately 220 minus the age of the individual. Therefore, the adaptive range is 130 beats for a twenty year old and just 50 beats for a centenarian. Well trained endurance runners, on the other hand, have a significant decrease in resting heart rate which could be as low as 35 beats per minute. If an individual has the same maximal heart rate as the twenty year old, trained and untrained, the adaptive range increases from 130 to 165 with the extension of the functional endpoints. Another example is lactic acid tolerance. Both trained and untrained individuals have a resting blood lactic acid level around 1.5 mM/L. If they run until exhaustion on a treadmill, untrained individuals stop when their lactic acid levels reach approximately 6--10 mM/L, while elite athletes can still continue until their lactic acid levels are over 20 mM/L.

Exercise-associated adaptive response is specific and depends on the intensity and duration of exercise. High intensity acute exercise produces different metabolic intermediates, such as lactic acid, ammonia, and adenosine monophosphate, than exercise of low intensity and high duration. Single bouts of aerobic exercise, on the other hand, could result in hypoglycemia, and a significant loss of glycogen content in skeletal muscle. Hence, the adaptive response to high intensity exercise would cause increased tolerance to lactic acid, a higher speed at the anaerobic threshold, and better elimination of ammonia, while regular aerobic exercise results in improved carbohydrate handling of the body, and increased levels of glycogen in skeletal muscle. These adaptations are brought about by regular exercise without which these adaptive responses would not occur. However, exercise above a certain threshold can cause mal-adaptations, which decrease the range of the biological and functional/actual adaptive zones. This is termed overtraining. Therefore, the two minimal endpoints of exercise-related dose response are physical inactivity and overtraining.

A similar type of adaptive response is found for exercise-induced ROS production. It is known that a single bout of exhaustive exercise results in elevated levels of lipid peroxidation, carbonylation of amino acid residues, and 8-Oxo-7,8 dihydroguanine (8-oxoG) in DNA [@bib49]. On the other hand, when a single bout of exhaustive exercise is given to well trained subjects the body responds without a large elevation in oxidative damage [@bib49]. In addition, regular exercise training- associated adaptation is a precondition against treatment with hydrogen peroxide, which causes a significant degree of damage in untrained subjects [@bib48]. Moreover, when heart attack or stroke are simulated in untrained and trained animals, the infarct size is significantly smaller in trained groups [@bib17], [@bib7], showing that regular exercise acts as a pre-conditioning tool [@bib48] by enhancing the adaptive zone, and by narrowing the theoretical distance between functional and biological endpoints. A great deal of evidence exists which suggests that regular exercise-induced adaptations to ROS handling, through redox signaling, including antioxidant and oxidative damage repair systems, significantly contribute to the health promoting effects of regular exercise. Another example is, that regular exercise decreases middle cerebral artery occlusion induced damage, by attenuation of ischemia/reperfusion mediated pathology via regulation of TLR4/NF-κB pathway [@bib66]. Overall, it is suggested that regular exercise prevents a wide range of neurodegenerative diseases [@bib3], including Alzheimer disease, as well [@bib45] by the modulation of oxidant/antioxidant/repair systems.

3. Antioxidants and ROS-dependent hormesis with exercise {#s0015}
========================================================

It is clear that moderate amounts of oxidizing agents, for example 150 μM H~2~O~2~, can increase the force generation of skeletal muscle, while larger doses (300 μM H~2~O~2~) result in a decline in force production [@bib2]. It has also been demonstrated that administration of the antioxidant N-acetylcysteine (NAC) to humans decreased the fatigue-associated decline in force generation [@bib52]. These findings demonstrate that elevated amounts of ROS cause fatigue (this is in association with the fact that high levels of ROS suppress force generation). On the other hand, there are a few recent reports suggesting that antioxidant supplementation is not always good, because it can suppress the adaptive response to exercise training [@bib19], [@bib20], [@bib53]. However, it must be mentioned that this view is not fully accepted [@bib25]. If the exercise generated ROS can be described by a bell-shaped curve, the opposing effects of antioxidant supplementation on ROS-induced adaptation can be easily understood. [Fig. 3](#f0015){ref-type="fig"} displays our hypothesis that if the antioxidants are supplemented before the ROS reach levels for maximum adaptive response, the antioxidants would depress the physiological response. On the other hand, if the antioxidants are supplemented when the concentration of exercise-generated ROS is associated with a declining physiological response, the supplementation would result in enhanced performance and delayed fatigue. Indeed, the scientific database includes results for both situations, when the antioxidants were stimulating or suppressing. Our concept could be one possible explanation for these divergent results. Moreover, it must be mentioned that the so called maximal or optimal levels of ROS are dependent on many factors, such as age, history of the exposure to oxidative stress, the effectiveness of the endogenous antioxidant system, level of physical fitness etc. The question is, whether the different response to antioxidant treatment on physiological function, that we have just described, would cause different adaptive responses. It is well established that the cause of fatigue during exercise with different intensities is related to adaptation [@bib4]. Therefore, alteration of the characteristics of fatigue most probably directly effects adaptive response. Exercise-induced adaptation increases the level of physical fitness. We propose that the adaptive plasticity is a regulator of dose response; hence it gives shape to the hormesis curve.Fig. 3Exercise with different intensities, using different pathways (anaerobic alactic (AA), anaerobic lactic (AL) and aerobic (AE), to reproduce ATP. Due to the intensity of exercise the causative reason for fatigue and recovery would be dependent on the intensity of exercise. The production of ROS is also dependent on intensity: greater intensity is paired with greater production of ROS. The recovery period to the normalization of ROS production is not well known.Fig. 3.

4. Extension of the peak of the hormesis curve with exercise {#s0020}
============================================================

As we demonstrated earlier, exercise-associated adaptation can extend the functional end-points of adaptation, which means that the distance between the functional/actual endpoints and the biological endpoints (limitations) are significantly narrowed. If we reflect these changes into the bell-shaped hormesis curve it could mean a significant extension of the peak and/or the "optimal" zones ([Fig. 4](#f0020){ref-type="fig"}). This extension would mean that a greater dose could be tolerated by the body with high levels of physiological performance.Fig. 4The "**A**" curve is a typical dose-response curve to physical exercise. Moderate exercise increases the physiological function of different organs, increases the rate of prevention against diseases and improves quality of life. Physical inactivity, strenuous exercise and overtraining increase the risk of diseases and decrease physiological function. The "**B**" curve indicates that regular exercise can extend or stretch the levels of ROS that are associated with high levels of physical function. This means that exercise can increase tolerance against high levels of ROS and can be preventive against oxidative stress- associated diseases.Fig. 4.

Untrained individuals also have a bell-shaped dose response curve to exercise, which means that during moderate levels of intensity and duration their physiological responses would be better. On the other hand, high intensity or exercise of long duration would cause fatigue and decreased performance. The so-called "optimal" intensity or/and duration would comprise a very narrow zone. Superbly trained individuals would endure much larger, and wider "optimal" exercise loading with enhanced functional parameters of exercise. The performance of untrained individual would decrease when his/her lactate reaches 10 mM/L, while superbly trained athletes increase their performance with lactate levels over 20 mM/L. The same situation is true for the dosage of ROS. Well-trained individuals, due to the adaptive response, would endure larger levels of ROS without significant damage to macromolecules, and larger levels of oxidative damage would be tolerated without significant loss of function. This is the effect of exercise-mediated pre-condition via ROS, and is the "dose-response" phenomenon by which exercise attenuates the incidence of ROS associated diseases [@bib22], [@bib27], [@bib29], [@bib45], [@bib57]. We suggest that the so called health promoting effects of exercise are partly due to extension of the summit of bell-shaped dose response curves, representing greater tolerance of ROS levels, without loss of function.

In accordance with the hormesis type of dose response of ROS, recently it has been suggested that this view can be extended to oxidative damage [@bib50]. We use different markers of oxidative damage in order to evaluate the interaction between ROS and macromolecules. Interestingly, the most common oxidative damage markers, such as malondialdehyde (MDA) for lipid peroxidation, carbonyls for oxidative protein damage or 8-oxo-7,8-dihydroguanine (8-oxoG) for DNA damage, are always present in cells. Although the oxidative stress theory is one of the most accepted theories of aging [@bib24], it is interesting that even in the very young organism there is a measurable amount of lipid peroxidation, carbonyl levels or even 8-oxoG. Moreover, the accumulation of MDA, carbonyls or 8-oxoG with aging is not a linear process: the actual increase is in the last quarter of the life span [@bib51]. It appears that large doses of antioxidants cannot eliminate these damage markers, as they have definite physiological effects on individual cells. Indeed, base levels of oxidative modification of lipids can be important for cell signaling, and membrane remodeling. In addition, the ROS-mediated post translation modifications of proteins could be important to the homeostasis of protein turnover [@bib50], while low levels of 8-oxoG might be necessary for transcription [@bib42]. 8-oxoG has been regarded as a damage marker of DNA. However, recent studies try to solve the enigmas, why the guanine with the lowest oxidation potential among DNA bases is present in increased number in the DNA of aerobic organisms compared to anaerobic organisms, and why guanine is present in large concentration in telomeres and in promoter regions of DNA.

It turns out that 8-oxoG, with the complex of its repair enzyme 8-oxoguanine DNA glycosylase1 (OOG1), is involved in cellular signaling [@bib1], [@bib37], [@bib6], and therefore, 8-oxoG-OGG1 complex is more than just a damage/repair agent.

Based on the above mentioned information, we suggest that a moderate level of oxidative damage could be not just a consequence of metabolism, but also even important and necessary for cells. There is no question that high levels of accumulation of lipid peroxidation, oxidative protein damage or 8-oxoG, accelerate the progress of aging and neurodegenerative diseases. Therefore, agents, including moderate levels of oxidative damage, that induce the activity of repair enzymes, such as Ca(2+)-independent phospholipase A (2) (iPLA(2)beta) for lipids, methionine sulfoxidereductase for proteins, and OGG1, are important for the maintenance and viability of cells.

Acute or severe bouts of exercise can lead to moderate increases in oxidative damage, while regular exercise-associated adaptive responses result in increased activity of repair enzymes and moderate levels of oxidative damage [@bib46], [@bib47], [@bib51].

It seems very unlikely that exercise, except that of high intensity and long duration (maximal intensity exercise cannot last long due to the accumulation of fatigue inducing factors like lactic acid, ammonia, iP, AMP etc.), can result in oxidative damage to a degree which could be very harmful for humans.

5. Conclusions {#s0025}
==============

The response of biological systems to stressors can be described by a bell-shaped curve. Physical exercise also evokes this hormesis curve-response by the organism. The two end-points of the hormesis curve are inactivity and overtraining, and both of these result in decreased physiological function. Antioxidant supplementation, depending on the timing, could suppress, enhance or prolong high levels of physiological function, but hardly curb the systemic effects of exercise training. Adaptive capacity could be extended, that is, stretch the top of the bell-shaped curve, resulting in a greater tolerance for ROS, and possibly other metabolic products, with high performance and loss of function. This kind of adaptive response could be important to health promotion and the preventive role of exercise training for certain pathologies and maladies. Oxidative damage markers, such as MDA, carbonyls or 8-oxoG are necessary players for hormesis.
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